Multicopper oxidases (MCOs) such as CueO, bilirubin oxidase, and laccase contain been detected by the reaction of the lacquer laccase in a mixed valence state, at which type I Cu was cuprous and the trinuclear Cu center was fully reduced, and by the reaction of the Cys → Ser mutant for the type I Cu site in bilirubin oxidase and CueO. An acidic amino acid residue located adjacent to the trinuclear Cu center was proved to function as a proton donor to these reaction intermediates. The substrate specificity of MCO for organic substrates is produced by the integrated effects of the shape of the substrate-binding site and the specific interaction of the substrate with the amino acid located adjacent to the His residue coordinating to the type I Cu. In contrast, the substrate specificity of the cuprous oxidase, CueO, is produced by the segment covering the Cu(I)-binding site so as to obstruct the access of organic substrates. Truncating the segment spanning helix 5 to helix 7 greatly reduced the specificity of CueO for Cu(I) and prominently enhanced the low oxidizing activity for the organic substrates, indicating the success of protein engineering to modify the substrate specificity of MCO.
Introduction
Cu sites in proteins have been classified into three classes according to their spectroscopic and magnetic features that reflect the geometric and electronic structure of the active site. The type I Cu site or blue Cu site contained in blue Cu proteins is related to electron transfer. The type II Cu site or non-blue Cu site contained in proteins such as superoxide dismutase and galactose oxidase is related to a variety of redox reactions. The type III Cu site or coupled binuclear Cu site contained in hemocyanin and tyrosinase is related to the binding and activation of dioxygen.
Multicopper oxidase (MCO) is a family of enzymes that normally contains four Cu atoms, a type I Cu, a type II Cu, and a pair of type III Cu centers in a protein molecule. 1 Type I Cu shows a strong absorption at ca. 600 nm (ε = 4,000 ∼ 6,000 Μ -1 cm -1 ) and a narrow hyperfine splitting (Az < 9.5 Type III Cu's show a charge transfer band at ca. 330 nm due to the bridging OH -between cupric ions. No EPR signal is given by coupled type III Cu's because of their strong antiferromagnetic interaction. Each type III Cu is coordinated by 3His in addition to the bridging OH -. Type I Cu mediates the electron transfer between the substrate and the trinuclear Cu site formed by a type II Cu and a pair of type III Cu's, where a dioxygen molecule is converted into two water molecules.
Until recently, only laccase, ascorbate oxidase, and ceruloplasmin have been known as enzymes belonging to the MCO family. However, many MCOs have been discovered and MCO is no longer a minor family of enzymes as was previously thought. Table 1 lists MCOs together with their sources, biological functions, expression systems, and PDB codes. Cu-containing nitrite reductase and coagulation factors such as factors V and VIII might also be included in MCO as subfamilies from a molecular evolution point of view (vide supra), 2 but they were excluded from Table 1 .
Laccase was discovered as early as 1883 by Yoshida from latex of the lacquer tree (Rhus vernicifera) as a component to oxidize and polymerize urushiol and other phenol lipids. 3 However, it took about 50 years before laccase was established as a Cu-enzyme. Nevertheless, the main source of laccase is wood-destroying white-rot fungi. The biological roles of plant laccase and fungal laccase are contrastive: formation of lignin and degradation of lignin, respectively. 4 In addition, sequence homologies between plant and fungal laccases are not necessarily very high (vide supra). For example, the homology of amino acid sequences between lacquer laccase and cucumber ascorbate oxidase is higher than that between lacquer laccase and fungal laccases. 5 Laccase in insects functions in the formation of external cuticle. 6 CotA from Bacillus subtilis is a kind of laccase that functions in the formation of endospore coating to withstand exposure to a wide range of physical agents. 7 Bilirubin oxidase is also a class of laccase named for its high oxidizing activity of bilirubin. 8 Ascorbate oxidase is abundant in higher plants during the developmental period and is thought to function in cell division. 9 Phenoxazinone synthase, sulochrin oxidase, and dihydrogeodin oxidase are related to biosyntheses, but have not been studied in detail. 10 The biological role of ceruloplasmin, which is present in the serum of vertebrates, is primarily as a ferroxidase. 11 Recently, metal oxidases such as hephaestin 12 and Fet3p for Fe(II), 13 CueO (named after the cueO gene encoding a protein involved in the Cu efflux system of Escherichia coli) for Cu(I), 14 and MnxG, CumA, and MofA for Mn(II) 15 have been discovered. All of these MCOs are related to the transport systems of metal ions. CueO, whose expression is controlled by CueR, a sensor of excess Cu, functions to convert Cu(I) to the less toxic Cu(II) in the periplasm together with CopA to transport Cu(I) across the inner membrane.
In this review, we mostly discuss our studies on multicopper oxidases such as lacquer laccase, bilirubin oxidase, CueO, fungal laccase, ceruloplasmin, and ascorbate oxidase, especially the first three MCOs for their structure, characterization, reaction mechanism, and application.
Structure of Multicopper Oxidases and Evolution
We determined the amino acid sequences of two isozymes of R. vernicifera laccase as the prototype enzyme of MCO from cDNA after its discovery more than a hundred years ago. 5 Considering that the biological roles of plant and fungal laccases are contrastive in addition to their considerably low sequence homologies, the fact that MCOs from plant and fungus were given the same name might be a cause of confusion. Nevertheless, the amino acids around the Cu binding sites of all MCOs are highly conserved (Fig. 1) . Most MCOs consist of three domains, each of which has a structure homologous to that of cupredoxin (blue Cu proteins, named as compared with ferredoxin), the β−barrel scaffold. 2 In contrast, the so-called small laccase 16 is constructed by two domains and ceruloplasmin by six domains, 17 suggesting the diverse molecular evolution of MCO. In addition, it has been reported that a novel polyphenol oxidase, differing from tyrosinase and phenol oxidase, contains four Cu ions and might be classified as a laccase, although the sequence homology with laccases is low and the ligand set for the binding of Cu's is different from those of the laccases previously reported. 18 According to the crystal structures of MCO, the metal binding sites in MCO with three domains are positioned between domain 1 and domain 3. Ceruloplasmin has three repetitions of two domains only one of which (domains 1 and 6) has a complete set of Cu binding sites to cause enzyme activity. 17 The other two two-domains sustain only the type I Cu site or a variant of the type I Cu site. Cu-containing nitrite reductase evolved from the common ancestor of MCO because it is a trimer of two domains analogous to the structure of cupredoxin. 19 The catalytic site analogous to one of the type III Cu sites in MCO is located between subunits, not being called a type III Cu but a type II Cu since it is isolated and EPR detectable. turnover of the reaction gave the spectra due to the resting form of the MCO. 27 In accordance with this, possible delocalization of a radical on type I Cu and the S atom of the Cys residue depending on pH was observed 28 as has also been observed for blue Cu proteins. 29 Changes in the EPR spectral features depending on pH and temperature are due to deprotonation from the coordinated Extended X-ray absorption fine structure (EXAFS) of lacquer laccase showed that the oxidation state of all Cu centers are cupric in the resting form, but type III Cu's are in the cuprous state in the selectively type II Cu-depleted form, indicating that type III Cu's alone are not able to react with dioxygen even under air, in contrast to hemocyanin. 32 Resonance Raman spectra of MCO are exclusively contributed by type I Cu. 33 A contribution from the trinuclear Cu center has not been observed because of the strong fluorescence. 34 The presence of O 2 at the trinuclear Cu center has also been reported for Melanocarpus albomyces laccase, 35 although further studies are required to assess whether these are artifacts and whether these structures properly reflect the reduction mechanism of O 2 . We frequently found that MCO and the mutants were in states different from the resting states when expressed. 27 Mutations for the ligands in the trinuclear Cu center might ease detection of the reaction intermediates.
Cu Binding Sites of Multicopper Oxidase

Four-electron Reduction of Dioxygen at the Trinuclear Cu Center
21a, 33
The trinuclear Cu center, which is able to accommodate a three-to four-electron equivalent, is a device to convert dioxygen to water without releasing activated oxygen species such as superoxide, peroxide, and hydroxyl radical. Elucidation of the mechanism of MCO together with catalysis by the heme-Cu center in terminal oxidases is expected to lead to the construction of fuel cells (vide infra).
Substrate Specificity of Multicopper Oxidase
The substrate specificity of MCO is considerably broad except for the metallo-oxidases for Fe(II), Cu(I), and Mn(II) ( Table 1) . Organic substrates are bound in the cleft at the "north side of the protein molecules. This substrate-binding site is constructed by assembling the loops attached to the β−barrel scaffolds. The shape of the site is the primary factor in causing the substrate specificity of MCO. Crystal structures of CotA docked with 2,2'-azino-bis(3-ethybenzothiazoline-6-sulfonic acid) (ABTS) and syringaldazine showed that these substrates were accommodated in the substrate-binding site in the folded forms.
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A bilirubin-docked model of bilirubin oxidase also suggested the analogous folded binding of bilirubin at the substrate-binding site (Fig. 6) . 21c An acidic amino acid located adjacent to the type I Cu site is hydrogen bonded with an imidazole group coordinating to type I Cu to facilitate electron transfer from the substrate to the type I Cu. 37 The carboxy group in the side chain of the Asp residue was revealed to directly interact with 2,5-xylidine used as an inducer in the crystal structure of Trametes versicolor laccase. 38 Accordingly, this Asp must be one of the key amino acids to cause laccase activity. In the case of ascorbate oxidase, O-1 and O-2 of L-ascorbate were in hydrogen-bonding distance to the imidazole nitrogen of His512 coordinated to type I Cu and the nitrogen of Trp362. 39 A stacking interaction of the L-ascorbate ring with the aromatic ring of Trp163 also facilitates the binding of the substrate. Therefore, the substrate specificity of MCO for organic substrates is produced by the integrated effects of the shape of the substrate-binding site and the specific interaction of the substrate with the amino acid located adjacent to the His residue coordinating to the type I Cu.
The substrate-docked model of bilirubin oxidase is expected to be a clue to designing mutants for wider clinical use of the enzyme.
In contrast, cuprous oxidase, CueO, and the ferroxidases, Fet3p and ceruloplasmin, have specific substrate-binding sites consisting of 2Asp2Met, 1Glu2Asp1Gln, and 2Glu1Asp1His, respectively.
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As opposed to the catalytic metal centers, these ligand sets are not sufficient to bind the target metal ions, but are able to produce the proper labilities to bind the substrate and release a product. In addition, each substrate-binding site is buried inside the protein molecule. In particular, the substrate-binding site of CueO is insulated from bulk water with 50 amino acids including helices 5-7 ( Fig. 7B ; compare the difference with the "north side" of Trametes versicolor laccase, Fig. 7A ). 20 To cause specificity for the metal ion as a substrate, an appropriate set of ligand groups and their steric arrangement are required to bind a cuprous ion and to release a cupric ion.
Further, the pathway to transport substrate will also be important. Fourteen Met residues are present in the segment consisting of 50 amino acids. Met has frequently been found in the regions to function to transport Cu ions.
Full and partial deletions of this segment (the greenish-yellow region in Fig. 7A ) confirmed that its presence is essential for CueO to function as cuprous oxidase, promoting the oxidizing activities for a variety of laccase substrates. 26 This has been a modification of CueO so as to return to an ancestral MCO.
Applications of multicopper oxidase
Lacquer laccase has been used as paint and adhesive for more than six thousand years in East Asia.
These days, MCOs offer several advantages for biotechnological applications. Fungal laccases exhibit broad substrate specificity and thus are able to oxidize a broad range of organic compounds including xenobiotics such as chlorinated phenols, synthetic dyes, pesticides, and polycyclic aromatic hydrocarbons. Indeed, they have been utilized for pulp delignification, textile dye bleaching, water or soil detoxification, etc. Bilirubin oxidase and ascorbate oxidase have been utilized for the clinical test of the function of liver and the pretreatment of sample to eliminate the inhibitory effect of ascorbate, respectively. By mutating the amino acids potentially located in the substrate-binding site, oxidations of the directly detected bilirubin and indirectly detected bilirubin could be kinetically discriminated, suggesting their application for the diagnosis of the origin of liver disorders. 40 Formation of pigments by MCOs has been explored, and we have recently shown that bilirubin oxidase, CueO, and their mutants are promising catalysts for forming dyes that will not function as mutagens. 41 By deleting the region covering the substrate binding site of CueO, we demonstrated the prominent reduction in Cu(I) oxidizing activity and, in turn, the prominent increase in laccase activities for organic substrates.
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Thus, it may not be too far into the future that we can prepare tailor-made MCOs with arbitrary specificity by modifying the substrate-binding site on an MCO scaffold.
Electron transfer between redox proteins and electrodes has been studied extensively due to their prospective applications in the field of biotechnology involving biosensors, bioreactors, and biofuel cells. However, the electrochemical applications of redox proteins have been limited to relatively small redox proteins such as cytochrom c, iron-sulfur proteins, and blue copper proteins, and there are only a limited number of examples for oxidoreductase.
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MCOs and terminal oxidases are enzymes that are promising as catalysts for the bioelectrocatalytic, four-electron reduction of dioxygen to water. Activated oxygens leading to cell deterioration are not released when MCO is used as the cathodic enzyme. Bilirubin oxidase has been found to be the best enzyme for converting O 2 to H 2 O as a cathodic enzyme in biofuel cell, 43 and its Met467Gln mutant with the lowered type I Cu potential yields a higher electric current than does the wild-type enzyme. 44 Recently, Kano and Tsujimura in collaboration with the authors indicated that CueO gives the highest electric current density as a cathodic enzyme. 45 Protein engineering of MCO to tune the redox potential of Cu centers or to facilitate electric communication at the interface of the protein molecule and electrode is expected to increase the amount of electric current leading to practical use of MCO as a catalyst for biofuel cells, although searches for more stable MCOs with higher redox potential will be continued. The structure, spectroscopic property, and the reaction mechanism to perform the four-electron reduction of dioxygen have been studied for native multicopper oxidases such as laccase, CueO, and bilirubin oxidase and their mutants. Basic studies to explore their substrate specificities led to the promotion and creation of substrate specificities applicable for practical uses such as pigment formation and biofuel cells. 
